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(57) ABSTRACT

A method may include obtaining first nuclear magnetic
resonance (NMR) data for a saturated core sample regarding
a geological region of interest. The method may further
include determining, using the first NMR data, spatial poros-
ity data based on the saturated core sample. The spatial
porosity data may describe various porosity values as a
function of a sampling position of the saturated core sample.
The method may further include obtaining second NMR
data for a desaturated core sample regarding the geological
region of interest. The method may further include deter-
mining, using the second NMR data, spatial permeability
data based on the desaturated core sample. The method may
further include determining a geological model for the
geological region of 1nterest using the spatial porosity data,
the spatial permeability data, and a fitting process.

20 Claims, 9 Drawing Sheets

(CSTART )
Y

Obtain nuciear magnetic resonance {(NMR) data for &
saturated core sampie regarding a geologicai region of
interest 200

Determine spatial porosity data using the NMR data
regarding the saturated core sample 210

Obtain NMR data for @ desaturated core sample
regarding the geological region of interest 220

W s W 0, 0 L, .0 W

Determine spatial psrmeability data using the NMR data
regarding the desaturated core sample 230

Determine a geological model for the geological region of
interest using the spatial porosi{y data, the spat:al
permeability dafa 240

l

Parform a hydrocarbon exploration or production
operation using the geological model 250




US 11,788,978 B2
Page 2

(51) Int. CL

E21B 49/00 (2006.01)
GOIN 33/24 (2006.01)
(56) References Cited

U.S. PATENT DOCUMENTS

6,229,308 Bl 5/2001 Freedman
6,646,437 B1  11/2003 Chitale et al.
0,859,034 B2 2/2005 Chen

9,081,117 B2 7/2015 Wu et al.

9,551,769 B2 1/2017 Fordham et al.

9,702,953 Bl 7/2017 Xiao et al.
10,436,865 B2  10/2019 Washburn
10,900,915 B2 1/2021 Gawankar et al.

2008/0221800 Al 9/2008 Gladkikh et al.
2009/0043510 Al 2/2009 Allen et al.

2009/0177403 Al 7/2009 Gzara

2011/0153216 Al 6/2011 Coope et al.

2011/0198078 Al 8/2011 Harrigan et al.
2014/0055134 Al 2/2014 Fordham et al.
2014/0285196 Al 9/2014 Liu et al.

2018/0259466 Al 9/2018 Mitchell et al.
2019/0033239 Al 1/2019 Gao et al.

2019/0317034 Al 10/2019 Kwak et al.

2020/0158907 Al 5/2020 Li et al.

2020/0166449 Al 5/2020 Green et al.

2020/0408090 Al 12/2020 Kadayam Viswanathan et al.
2021/0072171 Al* 3/2021 Kuang ................. GOI1R 33/448

OTHER PUBLICATIONS

Coates et al.; “The MRIL In Conoco 33-1 An Investigation of a New
Magnetic Resonance Imaging Log”, SPWLA-1991-DD; Society of
Petrophysicists and Well Log Analysts; Jun. 16, 1991; pp. 1-24 (24

pages).

Kenywon, W. E.; “Petrophysical Principles of Applications of NMR
Logging”, The Log Analyst; vol. 38; Issue 2; Mar. 1, 1997; pp.
21-43 (23 pages).

Petrov et al.; “T2 distribution mapping profiles with phase-encode
MRI”, Journal of Magnetic Resonance; vol. 209; Dec. 19, 2010; pp.

39-46 (8 pages).

Coates et al.; “A New Characterization of Bulk-Volume Irreducible
Using Magnetic Resonance”, SPWLA-1997-QQ; Society of
Petrophysicists and Well Log Analysts; Jun. 1997; pp. 51-63 (13

pages).

Hassler et al.; “Measurement of Capillary Pressure in Small Core
Samples”, SPE-945114-G; Society of Petroleum Engineers; vol.
160; Dec. 1945; pp. 114-123 (10 pages).

Brooks, R. H. and Corey, A. T.; “Hydraulic Properties of Porous
Media”, Hydrology Papers, Colorado State University; Mar. 1964;

pp. 1-37 (37 pages).

“Least Squares Fittings;” Oct. 13, 2021, pp. 1-4; Retrieved from the
Internet: URL: https://mathworld. wolfram.com/LeastSquaresFitting.
html (4 pages).

Jones, S. C.; “A New, Fast, Accurate Pressure-Decay Probe
Permeameter”, SPE-24757-PA; Society of Petroleum Engineers;
vol. 9. Issue 3; Sep. 1, 1994; pp. 193-199 (7 pages).

Timur, A.; “An Investigation of Permeability, Porosity, & Residual
Water Saturation Relationships For Sandstone Reservoirs”, SPWLA-
1968-VLXN4A2; The Log Analyst; vol. 9; Issue 4; Jul. 1968, pp.
8-17 (10 pages).

Lis-Sledziona, A.; “Petrophysical rock typing and permeability
prediction 1n tight sandstone reservoir”, Acta Geophysica; vol. 67;
Aug. 29, 2019; pp. 1895-1911 (17 pages).

Timur, A.; “Pulsed Nuclear Magnetic Resonance Studies of Poros-
ity, Movable Fluid, and Permeability of Sandstones”; Journal of
Petroleum Technology; vol. 21; Issue 6; Jun. 1, 1969; pp. 775-786
(12 pages).

Freedman et al.; “Wettability, Saturation, and Viscosity From NMR
Measurements”, SPE-87340-PA; SPE Journal; vol. 8; Issue 4; Dec.
1, 2003; pp. 317-327 (11 pages).

Oraby, M. E. and Eubanks, D. L.; “Determination Of Irreducible
Water Saturation Using Magnetic Resonance Imaging ILogs (MRIL):
A Case Study From East Texas, USA”, SPE-37772; Society of
Petroleum Engineers; Mar. 1997, pp. 155-162 (8 pages).
Gonzalez, A.; “Reliable Measurement of Saturation-dependent Rela-
tive Permeability in Tight Gas Sand Formations™, Petrophysics; vol.
61; No. 3; Jun. 2020; pp. 286-302 (17 pages).

Vashaee et al.; “A comparison of magnetic resonance methods for
spatially resolved T2 distribution measurements 1n porous media”,
Measurement Science and Technology; vol. 26; Apr. 9, 2015; pp.
1-16 (16 pages).

* cited by examiner



£ W .mew.
} THOETIEAL

L

+*

L g )

L]

e A M A M e A b A

T, |

*

US 11,788,978 B2

+*

+*

ocl “.
TYAUILN] ,
130 .+

L g |

a o Ty

% .
n A W R et e b e e i e oo e e e Py Pl L e H .-”
e “
. . A L ..
RO YISO .
.-.k
r £
. .-*
P __._...___1_ )
X F,
X .

EE N R S R N R Rl I R R e I e B R A R R e T R e e R B R o D R R R R R e O Rt R R N N N e R R N et e e R R N R o R I N e I R e e e R i e N R N R e I R R R R R e N R e e e R R R e R i I B o e i R e R B N e N e R R R R A R R R e R R e R O R R A e R R e R o R R R e U A R R R D R R R R R
TN NN RN NN NN NN NN N NN NN NN NN NN NN NN NN NN NN N NN NN NN NN NN NN NN ENENN NN NN NN NN NN NN NN NN NN NN N EEN NN NN NN NN NN NN NN NN NN NN NN NN NN NN NN NN NNy NNy NN NN N NN RN NN NN NN N E NN NN NN SN N N NN NN N NN NN NN A e A NN
| " ror T Fe A FF AR ET A FEFFEFT gL F s a s r A F s FFSFF S 440 F 804 8FF 8 FFT T
P, B N A N W N O N A N NN NN N A N NCAE M WA N

+ A F ¥ 5 S APPSR ITS IS PP I PRSI AL Y AT FF 4 F FFEFF

“ _ L.‘l LR L N B K N N L N N N B N B R NN N N N N B L N N B N N N B N N B B R B R B LN B I NE O LN B BN N L B N NN LN LN N B N AL BN A L .—.l L
- + T -
+ * -7 -
] 7 f o kd k kw kY kY e b Y kY P e kY kY kw o kA kY
+ - Ll + Ll + # S ¥ F FF F F F FF T+ F P FTP ~ F # F 4 # P 4 & 4+ F &+ # F +F ~F P ¥ Ll
L] -
T L + T +
d - 7+ * - v -
Ll - ] L |
+ - Ll T Ll
T * * L T .—.I * +
i
‘ M . N * ’ S I
Ll - L] -
‘ + - Ll + . Ll
L * * - T - * Ll
A L ;
: ] i . . K + .
Ll - L] - .
+* - L} +* L}
Ll Ll 4 -
L L - -
]
Pl Pl o ! ' ’ * + T -
+ - o -
+* - L} T -
. Ll Ll 4 r -
. .
+ ' T F - *
H + - + + -
h . . m Q L ] - . . . L B B A N B N BN N B N N A N N N R NN N R B N NN A R NN N R NN B N R N NN B R EE N N N .
L] Ll r
. * ] * b ] !
+ H - + + -
+ L L
+ . - T T Ll
Il r 3 7 r -1 »
] ] ]
+* - +* +* L}
+ L
- T r . - T .—.. Ll
d L - -
Ll - t L]
+* - T +* L}
Ll -
L - T - Ll
[}
Ll ¥ - - .-.l -
L} r ]
. + - T + Ll
. A
. .
. - L} + a - T L}
d . . - * + -
+ + reF F+~4 54 5 ¥ $FFFFF8F T F F - Ll T -
# T F § 4§ 5 F 4 § 4~ F § B & § F 5 F 4 § 5§
L} - L} -, L}
L3 - * + -
+ - T T Ll
[ J - - rl d
A o d A kA d A+ d FAd A A A d Ak kA d A F kA A A kA A d A
[ 3 L + + -~
+ . .I.' T 5 F 4 5QF FFf T a5 ra g r gy 8 F L rFFrF$ Qs gy a yporg .I.' .—.J + £ F # 5 FFf S 2 F QA §ra g F sy §grF s raSpgr g FE s Fr s r ey FE S raS g rgyg s FE$ FpEary I-.t
.
+ L e ] -
T
*
-

HEART AN
DN HE

r 2 i addidwnw il i ossd
LI I N N NN

4

ViLYdl TYiivaS

Y F F o F X F S FEFSPEP APPSR APPSR

BO1 HOLYINNES HIDASISIY

ALVIEVIRNEY | | Yiv( ALSOHOd

1w 1 r 4
L B B

LB L EE L B N D B RO B N ML B B O PR D DL DN DL D BN O B DL B B D DL U B D DL DO B N BN B R B B B R R N B R BN LB ]

LI I N R RN RN RN R L RN LN N RN LR R RN EEN NN IR

L R L O I L L L N L O L B N O e R L L O T T L T T

LNIRNOEIANS TTHAR

U.S. Patent



U.S. Patent Oct. 17, 2023 Sheet 2 of 9 US 11,788,978 B2

Obtain nuclear magnetic resgnance (NMR) data for a
saturated core sampie regarding a geological region of

interest 200

Letermine spatial porosity data using the NMK data
regarding the saturated core sampie 210

iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii

Obtain NMR data for a desaturated core sampie
regarding the geological region of interest 220

Determine spatial permeaniity data using the NME data

regarding the desaturated core sample 230

iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii

Lletermine a geoicgical mode! for the geoiogical region of

irnterest using the spatial porosity data, the spatial
parmeanility data 240

Ferform a hydrocarbon expioration or production
operalion using the geoiogical mogeai 250

iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii

iiiiiiiiiiiiiiiiiiiiiiiiiiii



HOKISod Bundues

US 11,788,978 B2

LB B B B BE B B BE DR B BE DL B DL B B B DR B B NE B B DR B B B N B BE N B DR B B BE B B B B B B B
LI B DO T IO DO B IO DO BOE N DAL B I O N DL AL N DL DO BOL IO DO DAL DL BOE AL IR DO AL DO DO DO BOE DO AL BOE DAL B IR BN B B )

Sheet 3 of 9

Oct. 17, 2023

L N R R I R N R N N R R N

.
L
L
.
L
L
.
L
r
.
L
L
.
L
r
.
L
L
.
L
L
.
L
r
.
L
L
.
L
L
.
L
r
.
L
L
.
L
r
.
L
L
.
L
L

U.S. Patent

AjijigesuLed
IAN80I0

-

 h ko oh ok oh ook L N

L N .

L

Alliigesuiad JA1S0004

UOHISOd
Buiduwee

L N R R .
4 4 5 FFFFFFEEF

WS UoISo
Bunduiee

1)
UOIRYEIaY

gt Ol

S} s

4 4 8458450
4+ FFFFEFT

Ve Ul
S

L N

L
.
L
-

L

+ F F F 5 85

eg

JUBIPEIL)
ansubep

L L N N N N N N L O O L O L N N
L I . I I . . . . N L B L N . L N N . B B B BN BN

LIE IR I L IR L DR DR DR DR DR DR DR DR D DR DR I O I O |
LU DL B B B B B

.
L
r
.
L
r
.
L
r
.
L
r
.
L
r
.
L
r
.
L
r
.
L
r
.
L
r
.
L
r
.
L
r
.
L
r

LI I I I NN RN IEEEEEIEEIEEIEEIE RS

iiiiiiiiii.‘

L T T N I DO N IO DO O DL DAL B IO BOE N IO AL N DL DO O IR DO BOE BOE DO O DOE BOL O IO DO AL DO DO DAL IOE DO B IR RO 1

LC UL B B B BN

L]
L I I N N I N I B O B I B I IO N B B O B BOC AL AL BOE DO BOE BOC AL BOE IOC BOE L BOC DO IR JOC DAL IR DAL O B BOE 1

L L N N N N N N

LI N B )

-1.1.1-1.1.1-1.1.1-1.1iiiiiiiiiiiiiiiiiiiiiiii
;
* F FFFEFEFEPESFEPESFEPEF RS SFEESFEES

b
;
iiiiiiiiiiiiiiiiii.1.1.1.1.1.1.1.1.1.1.1
E
.1-1.1.1-1.1.1-1iiiiiiiiiiiiiiiiiiiiiii

+ ¥

+ F F 5 ¥

L P B B I I R I

SUBIDEIS)
anauben

L]

LI I IR DR DR DR DE D U DL DR U I U BN )
L]

-
r
-

- -

LU L UL B BE DR B IR

. 4
L

-
,
-
-

+ F 1 5

.
L L

i;
-

-
L N N N N N N N N N L N R N
-

L N L
 F L -

LI I I N N E R EEREEERREENENENENEENREENEEEEEEIENEERERNR]

LI L DE UL B U UL B U B B BN
L R N R N

L I

LR

4 4 # 4 5 5 5 55



S. Patent ct. 17, 2023 Sheet 4 of 9 S 11.788.978 B2

=cho Train with XY-16 Phase Cycle

L L I B ]

L L B B

L B B B B B I ) L I N B B B N

4 h o ohhod LR UL B B B BN 4 h ok oh ok
- 4 &

ok o kS

-

L]

o o ko F
o o ko F
o o o F F F F kR
b o o kS
o o ko F
b kS
o o o F F F F kR
o o F F F F ko kS
o o o ko F
o o ko kS

[
b o o kS
[
*
&+
[
*
*
[

o o o
*

o ko kS
o o F F o i"‘i'
*
o o ko F F FF kS
o o o F o F F kS
b & o ko
o o o ko

+
-
-
-
-
-
+
-
-
-
-
-
-
& & & |
-
+
-
-
-
-
-
+
-
-
+
-
-

o o ok
o ok F o o F o F F kR

-
-
-
-
-
-
-
-
-
-
-
-
-
- -
-
-

LI
- H H LI I |
- - - - - - ok oh
L I B N I DO B IO DO O B DO B IR B ) LI LB B B B BE BE BE BE DE DR BE DR DR BE B DR BE DE DR IR DR DR BE DR B DE BE DR BE DR DR BE DR DR DR DR BE DR DR B DE BE DR BE DR DR DR DE DR B DR DR DR DR B B D BE B DR B B R B B DR B B R B B UE BE B N B B N N B N BE B N B B NN BE B L B B NE B B NE B N N B B N NE BE R B B R B BE BE i-i-ii-i-ii-i-ii-i-ii-i-ii-i-ii-i-ii-i-ii-i‘ii-i‘ii-iiiiiiiiiiiiiii‘iii‘i‘iii
- h b A
LI
h -
-
{ :
" .
LI 4 &
LI I I A I I I I I I I I I I I I

'liiiiiiiiiiiiiiiiiiiiiiiiii

AL
.
ok ok ok ko oh ok ok ok ok k ok ok ko
- N
-
- -
-
- R
-
T R
R
- a4
- .
- N
Ak h ok ko h ko
- -
- N
-
- - N
4 & TR E E T i
i + h - h atata e
" R N N e I e e N O e e O O O O O O O O O O O O O O O O O O O O OO OO OO OO OO OO UL
- - - R
[] - - .
‘. R R o
-
N
-

-
iiiiiiiiiiiiiiii
-

C -
-
n .
. -
. - -
-
- .
TEE R EE
- - -
-r-i
wla -
-
- -
-

L I N N I B N IO RO B N O B IO B 1

o F F

LI IR I I I A I N N R R R R R R R R R R E R R EREEEREEREEREREEREEREEEEEEEEEEREREREREREREEREREREREREREEREEEEREEEREEREEEREEREEREEEEEEEEREEREEEEREEEREREREREEREREREEBEEEEEREEREREEEREEEREEREEREREREEBEEEEBEEEEEREEREREEREREEREEREEREEREEEREEEEREEEEEEEREREEEREREREENREEREREREEREEEREEREREEEREEEREEEEREEEEREEEREEEEEEEREEREREEREEEEEEENEEEENEENENEEEIEEENENEEEEEE ]

- -
-
L] LN
- G R R Rk ke e

- - - -
- -

L] - L] +
- -

- - - +
L] -

- - - -
- -

L] - L] +
- -

- - - +
L] -

- - - -
- -

L] - L] +
- -

- - - +
L] ] -
- LI I RO B IO DL B IO DL O DR DAL RO IO DO BN IR DO AL DR DO RO BOE DAL B BN ) -ii

L] +
-

- +
-

- -
-

L] +
-

- +
P -

- LU I N N N B N I B N N N N N B N N N N I N N N N N N N N N O O B O B B B B -
. Bod kR kb IEEEEEEEEEEEERE N T T e N I T -
- -
- N e

- ] - “
- -

L] L] +
- -

- - +
L] -

- - -
- -

L] & +
- -

- +
L] -

- -
- -

L] - - +
- -

- - R R +
. P T e 4 h bk ok h ch ok ch bk h kb ok ok ok ok ok ok ko h o h ok h ok ok ok ok hhohohhhochhohohh ok e
- -
* ii - ii

L] a - -
L] + L] + -

- - - -
- + 4 4 + -

L] - L] + L] +
- I - -

- - L] L] +
EE 4 hl4 -

- - LI 4 b 4 -
+ LR -

L] - ' h L, +
- -k ok ok -

- - - EE ] +
L] + - a h -

- - - 4 - 4 -
- 4 4 h bk ok ko ohohoh ok 4+ 4 4 L] -

L] - I EEEEREREEEEEE LI + 4 +
- L I B L BE B N R B N B B - 4 b 4 -

- 4 4 h kA - ] - +
L] L] IEEE X -

- - - L L N B UL B B N N B N B B ) -
- L] 4k h h koA A -

L] Y - L] +
- - 4 -

- - +
L] L] -

- - -
- + -

L] L] +
- - -

- - 4 +
L] + -

- - -
- + -

L] L] +
- -

- - +
L] -

- - -
4 k4 L] -

L] L] a +
L] - 4 L T B N B -

- - 4+ 4k 4 4k koA +
Y L] 4k h ok ok oA -

- - LEE B L T B N B -
L] 4 4k koA -

L] L] IR 4k +
- 4 b 4 -

- - 4+ 4 +
- 4k -

- - ] -
- ] -

L] L] ] +
- - -

- - +
- -

- - -
- -

L] L] +
: - h koA -

- ' +
- -

- -
- -

L] E I -
- L T B B -

- + +
- 4k hoh ok -

- - L B B B -
- 4 4 koA -

L] L] +
- -

- - +
- -

- - -
- -

L] L] +
- -

- - +
EPETER -

- - -
-
L] L] LN

- - +
1 + -

- - -
+ -

L] L] +
- -

- - +
+ 4 ok -

- - - kA -
+ 4 4 4k -

L] L] +
- -

- - +
+ -

- -
+ -

L] 4k h ok +
- -

- +
- ii -ii
I + -

L] - CE T +
- - h b A -

- - + 4 IEEEEEX 4 4 +
+ R EEEEEEEREEEEEEERERE R -

- - L I B N I RO N I B N B B N I B N I N N B B B -
+ ] L] I EEEEEEEEEEEEE -

L] - REEEEEEREREEEEEEEEE EE E EEEEREE EEE EE R K +
- LR L B N N N N N B N N B N B B B -

- - MEEEEEEEEEEEEEEE E E E EEE EE E E E E E EE EEER] + +
- R EEEEREEREE R E E E R E R R E E E E E R R R R E E E E E E E e e E L] -

- - L T B N I DO B IO AL B DAL DAL L IO DL BN BOE DO O IOL DO AL DO DO BOL IR DAL BN BOE BN DO IO DO O IR O B BN ) - 4 b A -
MEEEEEEEEEEEEEEE E E E EEEEE E E E E E E E E E E E E E E EEEER] 4k h -

L] - REEEEEREEEE EEEEE R E E E E EEEE E E E E E E E E E E E E E E EE E ] * +
LEE BE UL B BE L B BE UL B B N B N N N B UE NE B NE B B R N B NE B N L N B N N B N L T U B B N B B P N B B B -

- MMEEEEEEEEEEEEEEE E E E EEEEEE E E E E E E E E E E E E E E E E E A E EE EER: - +
R EEEEEE R E E EEE R E R R E E E E E R R R R E E E E E R R E E E E E E E R E ] -

- LEE R L B B UL BE B NE NE N R B B NE NS B UL N N NE B B UL B B NE N B BE B B UE NE B R B B N B B R BE B B - -
- R EEEEEEEEEEEEEEE E E E E EEEE E E E E E E E E E E E E E E EEER] + -

L] R EEEEEEEE EEEEEE E E E E EE EE E E E E E EE E E E E EE R L] - +
- 4 b ok LU I N N N B N I DL O D B N I DO B BOE DO BN DAL DO DAL DOE DAL RO BOE BOE B B ) - - -

- - I EEEEEEEEEEEEEEEEEE R IEEEEEEEERER] IEEEK 4 4 - +
I EEEEREEREEEEEEERER K .- + 4 + 4 I EEEERER + -

- L OE T N N N N N N N N N N N B I L B N N B P N I N LEE B - -
- IEEEEEEEERE R ] IEEEEREX L] - -

L] 2] IR EREEEERER] + 4 IR EEEEERERERR + 4 - +
LI I N N B ] - LI B N IO B B I O B B ) - 4 - -

- % 4 k4 IEEEEEEEEEEEEKE] K +
- + 4 I EEEEEERERR] LR L] -

- LI B B IO B B I RO B B ) - h b A L I B - - -
- L] IEEEEE XXX 4 4 IR - - + -

L] ] 4 4k oh oA IEEEEREERR L] L] 4k . + 4 +
- LI I N I B N B B N B B B L I N B - - kA - . -

- - EEEEEEEEEEEX IEEEEEEEEEEEEER - + 4 4 4 4 4 +
- IBREEEEEEREEEEER X I EEEEEREERERE T EEEERERER] + ] + 4 IR -

- 't" - LI T B N I B N I O B B B N B ) 4 b 4 LU I N N I O B IO DO O B DO B B B LR B NE BE BE N N B B L -
I EEEEEEEEEEEE: EEEEEEEEEEEEEE E E E EEEE R EE E A EEEER] + -

L] * IR EEEEREEEREEEEREE: I EEEEEREEEE E EEEEE E E E EEEEE E E EE E R L] +
- CHE B B NE B B B B B N B B B ] L B N N B N N B N N N N N I N I I AL I DAL RO IR BOC DO BOE BOE BOE B B ) - 4 -

- - EEEEEERER] R IEEEEEEEEEEEEEEEE E E E EEEEERER] +
% L] + + 4k I EEEEREEREEE EEEEEE E E E EEE EE E E EEEEE ER] -

- - - - L N N N N N N N N N N B N N B N N B N N B N N N N N B B B LI -
+ 4 - - . 4 I EEEEEEEEEEEEEE E E E EEEEEEEEEK! :H -

L] - R EEEEEEERE R E EEEEEE E E E EEEERERE R +
- L L I B N I B B IO DO T B B N B ) L ]  h h ok h h ok hh o hoh L N N N B N N B N N B N B -

- ) IEEEEEEEEEEEEER L] I EEEEEEEEEEEEEE E EEEEEEERER +
- REEEEEEEREEEEEERERE: I EEEEEREEREEEEEEERERER] -

- H CEE N N N R N N B N N N N N B B B “hehh b h b h o bk kA oh b -
W IEEEEEEEEEEEEEEN IEEEEEEEEEEEEEE R -

L] - IEEEEE R - T EEK I EEEEEREERERERER +
- L B N B B ) 4 b ok oh ok ok od iiimiii -

- X dh_h ok ok ok ok ok ok 4 4 4 +
IR EEEEREEEEREEEE R IR -

- - L D B N N N N I B N B B N I DO B B L B SO ) -
. - EEEEEEEEEEEEEEEX] -

L] * REEEEREEEREEEEEERE X +
CEE B B N B B N B B B - -

- + R +
- 4 4 k4 -

- - - -
4 iy : -
. A W .

- - +
-

- -
-

L] +
-
- e

. » -
L % -

L] +
-

- +
- b -ii
* .

L] +
-
- e
. » .

L] +
LY .

- +
-

- -
-

L] 3 +
-

- +
-

- -
-

L] +
-

- +
-

- -
-

L] +
-

- +
-

- -
-

L] +
-

- +
-

- -
: -

L] +
-

- +
-

- -
-

L] +
-

- +
-

- -
-

L] +
-
- e
- iiii-i-i-iiiiiiiiiiiii-i-i-iiiiiiiiiiiiii-i-ii-iiiiiiiiiiiiiiiiiiiiiiiiiiiii -ii
L] - K K . LN

. . i 5 Fi .
L] - -

- - -
- - -
L] - . . LN

- - +
L] [ - -

- - -
- - -

L] - d H H +
- - -

- - +
L] - -
* - - ta
L] I EEEEEREREREEE EEEREE R E E E EEEE E E E E E E E E E E R E E E E E E R R E E E E R E R R E E E E E E R R E E E E E R LN

- +
4 h o h b h h h ok h ok oh ok ok h h ok ok oh ok h ok h h h ok ok ok hhh ok ok ok ok ok ok hh hch ok ok ok chch h h ok ok ok ok h h ok h ok ok h ok ok h ok ok ch ok ok ok ch ko h h ok ok ok Rk ok ok ok h ok h ok ok ko ko ko h h ok ok ok ok ok ko hch ok ok ok ok ok ko h ok ok ok ohohoch ok h o h ok h ok ok ok ok hhh ok h ok ok ok h ok ch ok ok ok ok ok ok ok ok ok ok ok ohoh ok h h ok oh ok ok ok ok ok h ok hh ok ok h ok ok ok ok ok ok ok ok ko hch ok ohoh ok ok h h ok ok ok ok ok ok h ok ok ok ok ok ok ok ok ok ok ok ok hochchch ok ok ok ok ok hoh ok ch h ok ok hchh ok ok ok ok hhhh



U.S. Patent Oct. 17, 2023 Sheet 5 of 9 US 11.788.978 B2

mpiing Posttion

o o ko F ko F F ko ko F

LI I B A B B N B ) LI A T IO IO B IO DO BOE IR DO B IO DO B IR DO O BL BN B BN ) -
LI B B UK B DL B B BN D BN BN BN D D BN DN B D DD DN U DU DD D N R R

-
-
-
-
L]
-
-
-
L]
-
L]
-
-
L]
-
-
-
L]
-
L]
-
-
L]
L]
-
-
-
-
L]
-
-
-
L]
-
L]
-
-
L]
L]

L B N N B N N B N N N N N N N N N N N R N N N N N B N N N N N B B B
a h ok ok ok ok ko oh ok ohh o d hd o hh ok h hh o E o hhd ko

L]
-
-
L]
-
-
-
L]
-
L]
-
-
-
L]
-
-
-
-
L]
-
-
-
L]
-
L]
-
-
L]
L]
-
-
L]
-
L]
-
-
-
-

°0
)
mpling Position

ok ko
o o o F F o F o F F F F F F F ko

LI I I I I I I NI I I I N

L L N B NE B B UL B B U R B B N B L B B N N N N N B B N B N B B N B B B

ko ko

-
L]
-
-
L]
L]
-
-
-
-
L]
-
-
-
L]
-
L]
-
-
L]
L]
-
-
L]
-
L]
-
-
-
L]
-
-
-
-
L]
-
-
-

EE N N N B I N N I N N I B N I N N I B L B DAL I IOC AL B B DAL B BOC DAL B B )

o & F F F FF
= o o F k&

o ko F

L

mpiing Position

ok ko ko kR

& kS

LI I I IR L I L I I N I I N LI I I B B L I B B I I B I I I D D D D D O D D D D D O O D O B O I O |

L B N B B UL N B N N N N N N B N N B N N N N N N B B N N B B N B B

33
S

=
L3
B =
oy
Ll
2.

mpling Position

o ko ko F ko ko kS
o ko F F o F F F F ko FFFF

L I T N I AL B IO O O DL DAL B IO DO AL DAL DO DL DAL DAL DAL IOE DOE O IR BOE B DAL DAL B IR B )

LN N B N N N N B B N N B N N B N N B N N N N N B N N B N N B N B B B

ok ok ko kR

o o ok kS

LI I I NN R EEEEREENENEENRIEENENEENE RN
L I ] L 4 b ok h Ak kA L I ]

sampi

 F F F F F FF

o F F F F FF

LI DL BE DR IR I DR DL DR DR DR DR DR DR D DR D DR DR D O D D B D O
L I I I

L B N N B N N B N N N N N N N N N N N N N N N N N N N N B B B
iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii

= o F F F FF
ok kS

kS

*
[
*
*
[
*

-
-
-
-
- -
-
- -
-
- -
L]
- -
-
- -
-
- - -
L] L]
- - - -
- - -
- L] - -
- - -
- - - -
L] L] L] L]
- - - - -
- - - -
- L] - - LI I P
- - - -
- - - - - - - -
L] L] L] L]
- - - - - - - - -
- - - - -
L] L] - - - L] - - L] L]
- - - - -
- - - - - - - - - -
L] L] L] L] L] L]
- - - - - - - - - -
- - - - - -
L] L] - - - L] - 5 - L] L]
- - - - - -
- - - - - - - - - -
L] L] L] L] L] L]
- - - - - - - - - -
- - - - - -
L] L] - - - L] - - L] L]
- - - - - -
- - - - - - - - - -
L] L] L] L] L] L]
- - - - - - - - - -
- - - - - -
L] L] L] - - - L] - - L] L]
- - - - - -
- - - - - - - - - - -
L] L] L] L] L] L]
- - - - - - - - - -
- - - - -
L] - L] - - L] - - L] L]
- - - - - -
- - - - - - - - -
L] L] L] L] L]
- - - - - - - -
- - - - -
L] L] - - L] L]
- - - - - -
LI - - - -
L B L] L] LU DL DL D B L D B D D B I D B D O I LI B BN LI} L] L] L]
4 4 b h h Ak h hhhh h o h ko h hhh ko h ko h ko ke - - - -
- - -
L] L] L] - L] L]
L B N N B N N B N N B N N I N N I N I B B B B DAL B BN ) - - -
- - - - -
L] - L] L] L]
- - - -
- - - -
. ] L] L]
- -
- -
- L]
LEE B B N B B UL B B N N I N N B B B B B N B B B B B - -
-
L] L]
-
LI B N B B B

LN

B

ok kR

L
 F F F F F FF

L B N N B N N B N N B N N B N N B N N N N B B B

LI R EEENREEREENEENREENEREERNENENBEIEIIENENENEE;R] LI I I IR I L I N I I I
R I I ] LI I I I
- -

*

LI I N N N B N I B N I B B I N N I B B I B B I B B )
L ]

-
LI I B DR B DL DR D DL DR D DR DL DR D DR D D DR D O B BN N |

-
-
LB BN B B BN DL B B DL B DL B DL DN B DL BN B BE BN

ok kR
= & o o F

o F F F F F F F F F
> o
ok kR

= o F & F
* o+ F F

- -
L B N N B N N B N N N N N N N N N N N N N N N N N N N N B B B

ok o o F kS
b o kS

L
o o ok kS
L

* o o o F F F F F F ko kS

L]
-
-
L]
-
-
L]
-
-
L]
-
-
L]
-
-
L]
-
-
L]
-
-
L]
-
-
L]
-

ok ok kS

L EE B B NE BE N U B N L N N N N B L B B N B B N B

o o ko kS

LI T N B I B B I DO B D DO B B DAL B IOE BAE B DL DAL BN B 1
L I N N N N N B N N N N N N O B N O B N O B R A




%40} Ajisolog 9101 A

d o k7 ks kA kA ok 7 kA kg e d gk d Ak d ke bk d e ke ko kd o d g A
F + A F kA F LA T FA LA F A F AT AT F A TP F T TS F T LY T Y F S ALY T+

5040

o A A F ok F F LA kA h kY F kA F kY P FAd A Y P FFFFF T A Y AT A Y AT A d Y F A Fd TR A+
L N N B N N D N O N O N I O N O L D O R L O N L R N

5

+ 4+ A 4 % A 4 1 4

US 11,788,978 B2

W=,

TR

l B

H

L B B B I A IS A IS B B B B I B B I I R I A B B AL B DS D I B N B B N B B N N I B I B O
LI LB L I B I B B I B I A R I I B B I B I B D I DO B N N I L N I L B I O B B I N N B B B L B B

A F ok F A F L F A F L FF AT A+ kAP FFF T FL T AT FAF S F AP YT A F A F kA F A FFF A S FLF FAF FAF AP kAP kA FF A FFF T A

-

i
o

L
£

- B0AL-aWIULEEO 4 adf -8
G 8041 -9%00Y G adhl-

Sheet 6 of 9

20N

F el o ' W e

% 10) Aysoiod % 10) Aisoiog %10} Ajisoiod %0} Asoiog

-
-

+ d A+ kA ATt T ko A rd g F At T kA b df rd 4k
¥ # &+ F 75+ 07+ 201 F F7FFF 10 F AP F PSS F T F FCFF 01 FFAdF FAdF AP F YT F T F 0 F T

I ol d A bk wd o d Y AP A YA TT

- T kA A Ak kA kA A kA AT T A T
L B L N R N B N N R N N B

* kAt rw kA kA A T kA A d P e Tl ok kY ko kA A A kA * F 4 7 rd hord
4 F F ¥ F 7~ F 01 F F 7 FF FFFLFoTP+~FFS 35 FS P AP KE

+ 0 F & +F FFF A FES S Y FTFATF S AT P AT PSPPSR

LI B SO I B S R B S

T e e

-
*
1‘!.

Oct. 17, 2023

- =+ &

(BalLIG

,
T
r
r
-
L
r
-
L
4
-
,
4
-
r
4
,
r
’
L
,
T
r
L
T
r
L
T
r
r
-
,
4
-
r
4
r
L
o
r
L
Ly
r
,
Ly
,
r
T
L
r
T
L
,
-

L 4 & b 4 4 d L kdoh kL hh ol d o dd okl dhLE ok khd kS

¥ # T 4§ 4 F 4 4 Ff 4§ Ff 448 4§ 8 F 4578 35754 37583 5EF f8F4 38FF 883 4 FF 8484357454 F A Fr a8 594 4 74 4 Fa f§F 4 3 F 84 FF 448385 FF 57534508 FFF 3 F8 3 8F488F4 88487 a8 4 Q4 8 FF 3 FF 45 F 8

| -BIUBLOTKT

Fd e 4 8 FF f4 37 F 550 F 084880 4 8 F 85 345§ F 38054 54 858 484884958438 48F9

0BBULBA-ALS00I0 "

s
DBIRISLIOoUN 0 g
7 8041900y

~BM0 i

(
-4O0M AR

-
-ir

0

LR b b ]

U.S. Patent



US 11,788,978 B2

Sheet 7 of 9

Oct. 17, 2023

U.S. Patent

LR R L RN L B NN L B LB N B B BN N B R L B
- 4 &£ ~+ # F £ ¥ d ¥ F F F FF T F F ++ 07 F F ++ +# 42°F &

LEE SR B N L B I N N I N R N N N N B N N B N B I O B B

A
v

Lb

- S

{01 A

HOWBLO,
._mww*m mmwﬂm mwwhmuwngw

008 ~%

ra T F*®mr raTmr

A f ok A
r

+ o A+
il-ii

LN B B BN O BB I B L B B B DR L BN L
* I+ -+ &~ F Fd4d+F FF F +FF F FFFFFPFTFF A+ FA2F F0T

A f T 4 T+
S T NN NN

- r s or r F & r - r r - - = - = F d =
i‘.f.—.‘...—.ﬁin.—.i‘.ti.—.l.-..-_il.._-._-i ‘.H.L.—.n‘li.—. ‘.J.t v

- -+ ¥ - - [ ] d ¥ - L) -
*Tiin—.ii‘ilﬂ.ﬂil-iiIill—.ii.ﬂiIa—iljiiiiiiiqii'ii‘.iiﬁiiﬁiifiifiin—.i.I._rii.-rii.l-.iliil-

+ -+ F Ff FF FFFFFPFFTAFFPFPFAFTA PSS TS
mop d f o am yn gy am s s m g g d ooy ko

1) Aisoiog

LI R N N B I B B B B R N I N N L L R L N B N B RN N B R RN N N B N

T =T
o r u & w A - v d r " m or A r u & wr dr L - *
v T a7 T .-.‘. | I N B ‘.-..__.1._- [ .L.—- &

.1.-.‘..__.-.‘..—.+n.s+r.i++ti+-.-_‘.-.-.__t.f+‘.l.r

T 4 + 1 4 + 1 4 + 97 4 + 1 4
e I I I . B P . O P . O

[ 8
i

-

-
L

4 kL4
+

4 + 1+ + 1 F + 1 4 FF A FPFFFAFES FTFA A AT

e I I e I T T L L . L L L P L P L I L L L I L T

W

ez
g’ At
g v
[ oo
. S
%

I,

]
£ED
£8P
EJ:Z.
>

L e L o, "
K TEEEE

42
L3
<L
i
i"'T:'
(2

. 57

- &= r - r d r * = r - r - - - - - r . ]
+ o l.a.ld.l L B | ‘J.- .—..—.‘.1..1 ‘_a.-i.l ‘_._-.1.1 l.a.l‘.t ‘_‘- .—.a.‘_ l.—..—. L | .—.a.‘.l

ioBISo
HI

&

Lo 0 I

L]
+ +

»
L T F F A F
e o e A e g

.
d
+.
.

-
+
E
-
-+
&
-
-
-
+
-
T
+
-
-
L
+
-
L
+
-
-
-
L
-
-
L]
-
-
L
+
&
4

i1

&
&,

Joid

arer el artrred drdygedrrdlpgérdbfrToexrdedd Fbuakdrdr

L]
I+ + 1 F &+ F +F o FbkF ST S F b F AT A Y Fd AP YT Y F T+

(1LIBS paje
i

3 oegn
-
« St
L
aknamt
L&

NS

<

OIS0,
Bunduee

“‘ L L N N N N L R L R NN L N B N O N B

SET ]
wogeRESy o

Tt

L

4+ 4 h + kAL

+*

1.

-

4+
L

AR EE R A E R E R R E R E R L R E E A E E R R E R E R R E A E R A E
b

=
.riu.

PP TFF AT LA TP AT FLF A h kA Y e+ A kAR kA F

3idues paje
!

LA S b L] L.
e

|

e

]

r+ £ 444 7=
wod d e

L L N B L L B B L L B L B
FFfE A FFE S F A FFFF TS FE ST F A

T ¥ ¥ % 5 5 I+ 5T
T F & T o

+
+
,
&
-
-
-
-+
-
-
-
-
-
-
-
-
-
-
o
-
-
L
-+
-
L
-+
T
[
-
+
+
-
+
[
,




U.S. Patent Oct. 17, 2023 Sheet 8 of 9 US 11,788,978 B2

gi_z;&f?m%?a?@?é@ INMR m; ;., T Laboratory Spatial NMR, R,
| Analysis A 341 L Analysis B 922
P a |

Saturated Core ] Desaturated Core | g

Sample B 211 ] Sample B912 | |

b |

b |

b

spatial Permeability

Spatial Porosily Datla
Data B 932

B 931

Porosity-Fermeabiiity
- Cross-plot Data 335 |

- ROCK TW% A for Rock Type B for ROCK "%‘ype C for
 Geological Region A} | Geological Region B Geological Region C
971 973




S. Patent ct. 17, 2023 Sheet 9 of 9 S 11.788.978 B2

10U

bk

L N

COMPUTER

&  F F F F F F F F FFF

I EEREEREE EEE E E E E E R E R E E R E E R E E L E R E E E R E E e E E R E R R E R E E R E E R E E E E E R

*

*

[
L
L]

L

iiiiiil'i'i'l'i'i'l'ii‘l‘ii‘l‘l‘i‘l‘ii‘l‘i‘i‘l‘ii'l'i'il‘i‘l‘l‘i‘l‘l‘i‘i‘l‘i‘il'i'i'l'i'i'l'i'i'l'ii‘l‘l‘i‘l‘l‘i‘l‘i‘i‘l‘i‘i‘l‘i‘l‘i*iiii

1008

- ‘
- L]
-
- -
-
-
-
- LI ]
+ 4 4 4
- L]
-
-
. ; AP N A -
- = L
- . +
. -
- L]
 h h h ko h o h ko hhhh ko h ko hh ko h o hhhhhd hh Ak hhhhhE ko hdd '
e e - . u
L
E .? . - . .
H - -
L - .
. . -
-
-
-
-
- LI ]
+ 4 4 4
- L]
-
-
-
-
-
-

LI B EREEREEEREEEREEREEREEREEEREREEEREEREREEREEREEEREEREEREEREEEREENEBRNENEIENENENEIENI B BB B BB

RALIKY
QU0

. ~
- - .
- W -
- . - .
ko v . ok h ok ok
Ak ko ok ok A A ko oh hoh ko
i j R EEEEE N

ok ok ko
o ok o o ok o ok ko ok ko ok ko ko ko ko ko ko o o ko o o

-
%" 4 4 s """ "WYY NAAN
4 &
. -

& ok o F ko

| : ; -f LR I B B B I I I I I I I I I I I I I I I NN

B B B B P P R,

o ok o F ko F o F ko ko F kR

R R R EREEEE R T T T T T e e e e ] ok ok Rk R R - h IR EEREREEREERERERERE] - h L] LT ] -  h h kW R Rk L] L] R R EREEEE R R R R R R E R E R E R E R R R R R R R E R E R R R R R R T e e e e -k eI T T T T e e e IR R EREREEEERE R AR EEEREE R E R E R R

-G, 10



US 11,788,978 B2

1

METHOD AND SYSTEM FOR
DETERMINING GEOLOGICAL MODELS
USING SPATIAL PROPERTIES BASED ON

NUCLEAR MAGNETIC RESONANCE DATA

BACKGROUND

A subsurface formation may be analyzed using various
measurements obtained from well logs and core samples.
For example, these measurements may be used to calculate
porosity, permeability, and other properties of a reservoir
formation. However, 1n many situations, an accurate depic-
tion of the subsurface formation may require multiple wells
and many measurements to have suilicient data for charac-
terizing the formation.

SUMMARY

This summary 1s provided to itroduce a selection of
concepts that are further described below in the detailed
description. This summary 1s not intended to identify key or
essential features of the claimed subject matter, nor 1s 1t
intended to be used as an aid 1n limiting the scope of the
claimed subject matter.

In general, 1n one aspect, embodiments relate to a method
that includes obtaining, by a computer processor, first
nuclear magnetic resonance (NMR) data for a saturated core
sample regarding a geological region of interest. The method
turther includes determining, by the computer processor and
using the first NMR data, spatial porosity data based on the
saturated core sample. The spatial porosity data describe
various porosity values as a function of a sampling position
of the saturated core sample. The method further includes
obtaining, by the computer processor, second NMR data for
a desaturated core sample regarding the geological region of
interest. The method further includes determining, by the
computer processor and using the second NMR data, spatial
permeability data based on the desaturated core sample. The
spatial permeability data describe various permeability val-
ues as a function of the sampling position of the desaturated
core sample. The method further includes determining, by
the computer processor, a geological model for the geologi-
cal region of interest using the spatial porosity data, the
spatial permeability data, and a fitting process.

In general, 1n one aspect, embodiments relate to a system
that includes a nuclear magnetic resonance (NMR) spec-
troscopy tool and a reservoir simulator that includes a
computer processor. The reservoir simulator 1s coupled to
the NMR spectroscopy tool. The reservoir simulator obtains,
using the NMR spectroscopy tool, first nuclear magnetic
resonance (NMR) data for a saturated core sample regarding,
a geological region of interest. The reservoir simulator
determines, using the first NMR data, spatial porosity data
based on the saturated core sample. The spatial porosity data
describe various porosity values as a function of a sampling
position of the saturated core sample. The reservoir simu-
lator obtains, using the NMR spectroscopy tool, second
NMR data for a desaturated core sample regarding the
geological region of interest. The reservoir simulator deter-
mines, using the second NMR data, spatial permeabaility data
based on the desaturated core sample. The spatial perme-
ability data describe various permeability values as a func-
tion of the sampling position of the desaturated core sample.
The reservoir simulator determines a geological model for
the geological region of interest using the spatial porosity
data, the spatial permeability data, and a fitting process.
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2

In general, in one aspect, embodiments relate to a non-
transitory computer readable medium storing instructions
executable by a computer processor. The 1nstructions obtain
first nuclear magnetic resonance (NMR) data for a saturated
core sample regarding a geological region of interest. The
instructions determine, using the first NMR data, spatial
porosity data based on the saturated core sample. The spatial
porosity data describe various porosity values as a function
of a sampling position of the saturated core sample. The
instructions obtain second NMR data for a desaturated core
sample regarding the geological region of interest. The
instructions determine, using the second NMR data, spatial
permeability data based on the desaturated core sample. The
spatial permeability data describe various permeability val-
ues as a function of the sampling position of the desaturated
core sample. The mstructions determine a geological model
for the geological region of interest using the spatial porosity
data, the spatial permeability data, and a fitting process.

Other aspects and advantages of the claimed subject
matter will be apparent from the following description and
the appended claims.

BRIEF DESCRIPTION OF DRAWINGS

Specific embodiments of the disclosed technology will
now be described 1n detail with reference to the accompa-
nying figures. Like elements in the various figures are
denoted by like reference numerals for consistency.

FIG. 1 show a system 1n accordance with one or more
embodiments.

FIG. 2 shows a flowchart in accordance with one or more
embodiments.

FIGS. 3A, 3B, 4, 5, 6, 7, 8, and 9 show examples 1n
accordance with one or more embodiments.

FIG. 10 shows a computer system in accordance with one
or more embodiments.

DETAILED DESCRIPTION

In the following detailed description of embodiments of
the disclosure, numerous specific details are set forth in
order to provide a more thorough understanding of the
disclosure. However, 1t will be apparent to one of ordinary
skill in the art that the disclosure may be practiced without
these specific details. In other instances, well-known fea-
tures have not been described 1n detail to avoid unnecessar-
1ly complicating the description.

Throughout the application, ordinal numbers (e.g., first,
second, third, etc.) may be used as an adjective for an
clement (1.e., any noun in the application). The use of ordinal
numbers 1s not to 1mply or create any particular ordering of
the elements nor to limit any element to being only a single
clement unless expressly disclosed, such as using the terms
“before”, “after”, “single”, and other such terminology.
Rather, the use of ordinal numbers 1s to distinguish between
the elements. By way of an example, a first element 1s
distinct from a second element, and the first element may
encompass more than one element and succeed (or precede)
the second element in an ordering of elements.

In general, embodiments of the disclosure include sys-
tems and methods for determine rock type information and
other geological model data using spatial porosity and
spatial permeability values based on nuclear magnetic reso-
nance (NMR) data. Rock type mformation may include a
specific pore type for a given core sample (also called a
“core plug™) that 1s obtained from a well. In some embodi-
ments, for example, spatial and directional T2 NMR mea-
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surements are obtained for a saturated core sample and the
same core sample following a desaturation operation (e.g.,
using a centrifuge or porous plate). This NMR data may be
used to generate porosity-permeability cross-plots or deter-
mine other relationships between spatial porosity data and
spatial permeability data. Based on these porosity-perme-
ability cross-plots, for example, a particular rock type may
be 1dentified for the core sample. Rather than using averaged
NMR measurements for an entire core sample, various
petrophysical properties may be linked to different geologi-
cal attributes and diagenetic modifications using NMR data
at different sampling locations and/or sampling directions of
a core sample.

By obtaining more data points per core sample, the
petrophysical properties obtained from the NMR data may
be more representative of a particular reservoir. This rock
type data may have various practical applications, such as
use 1n predicting reservoir properties i uncored wells. In
heterogeneous formations, this rock type data may also
provide better modeling techniques for complex pore struc-
tures, such as formations based on carbonate, fluvial and
glacial sandstones. By obtaining multiple measurements 1n
different sampling directions on the same core sample,
petrophysical rock types may be determined for anisotropic
formations, such as formations with thin cross-bedding.
Likewise, a reservoir simulator may have an additional
advantage of being able to determine a particular rock type
for a geological region from a single core sample rather than
a group ol core samples.

FIG. 1 shows a schematic diagram 1n accordance with one
or more embodiments. As shown, FIG. 1 illustrates a well
environment (100) that may include a well (102) having a
wellbore (104) extending into a formation (106). The well-
bore (104) may include a bored hole that extends from the
surface 1nto a target zone of the formation (106), such as a
reservoir. The formation (106) may include various forma-
tion characteristics of interest, such as formation porosity,
formation permeability, resistivity, density, water saturation,
and the like. Porosity may indicate how much space exists
in a particular rock within an area of interest in the formation
(106), where oil, gas, and/or water may be trapped. Perme-
ability may indicate the ability of liquids and gases to tlow
through the rock within the area of interest. Resistivity may
indicate how strongly rock and/or tfluid within the formation
(106) opposes the tlow of electrical current. For example,
resistivity may be indicative of the porosity of the formation
(106) and the presence of hydrocarbons. More specifically,
resistivity may be relatively low for a formation that has
high porosity and a large amount of water, and resistivity
may be relatively high for a formation that has low porosity
or includes a large amount of hydrocarbons. Water saturation
may indicate the fraction of water 1n a given pore space.

Keeping with FIG. 1, the well environment (100) may
include reservoir simulator (160) and various well systems,
such as a drilling system (110), a logging system (112), and
a conftrol system (114). The drilling system (110) may
include a drill string, dnill bit, a mud circulation system
and/or the like for use 1n boring the wellbore (104) into the
formation (106). Well systems may also include production
systems that include production trees, production valves,
downhole sensors, wellhead sensors, etc. The control system
(114) may include hardware and/or software for managing
drilling operations or production operations. For example,
the control system (114) may include one or more program-
mable logic controllers (PLCs) that include hardware and/or
software with functionality to control one or more processes
performed by the dnlling system (110). Specifically, a
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programmable logic controller may control valve states,
fluid levels, pipe pressures, warning alarms, and/or pressure
releases throughout a drilling rig. In particular, a program-
mable logic controller may be a ruggedized computer sys-
tem with functionality to withstand vibrations, extreme
temperatures, wet conditions, and/or dusty conditions, for
example, around a dnilling rig. A logging system may be
similar to a control system with a specific focus on managing
one or more logging tools.

Turning to the reservoir simulator (160), a reservoir
simulator (160) may include hardware and/or software with
functionality for storing and analyzing well logs (140), core
sample data (150), spatial porosity data (155), spatial per-
meability data (165), seismic data, and/or other types of data
to generate and/or update one or more geological models
(175). Geological models may include geochemical or geo-
mechanical models that describe structural relationships
within a particular geological region. Likewise, a geological
model may identify one or more rock types associated with
one or more geological regions (e.g., formation (106)).
Examples of rock types may include one or more deposi-
tional rock types (e.g., where a geological region 1s based on
a depositional environment), rock types that include similar
diagenetic processes, rock types based on similar geological
trends, and/or rock types based on similar reservoir proper-
ties. For example, a rock type may correspond to an irre-
ducible water saturation, a residual o1l saturations, rock
permeability, capillary pressure, maximum capillary pres-
sure heights, relative permeabilities, and rock classes. Like-
wise, rock types may be based on static reservoir properties
as well as dynamic reservoir properties.

While the reservoir simulator (160) 1s shown at a well site,
in some embodiments, the reservoir stmulator (160) or other
components 1 FIG. 1 may be remote from a well site. In
some embodiments, the reservoir simulator (160) 1s 1mple-
mented as part of a software platiform for the control system
(114). The software platform may obtain data acquired by
the drilling system (110) and logging system (112) as inputs,
which may include multiple data types from multiple
sources. The software platform may aggregate the data from
these systems (110, 112) 1n real time for rapid analysis. In
some embodiments, the control system (114), the logging
system (112), the reservoir simulator (160), and/or a user
device coupled to one of these systems may include a
computer system that i1s similar to the computer system
(1002) described below with regard to FIG. 10 and the
accompanying description.

In some embodiments, petrophysical rock typing i1s used
for distributing reservoir properties, such as porosity, per-
meability and water saturation, in the geological model.
These reservoir properties may 1mpact the predicted hydro-
carbon reserves and recovery in production operations. In
particular, rock typing may be used to describe geologically
complicated formations, such as carbonate formations, flu-
vial formations, and glacial sandstone formations with
highly heterogeneous pore structures. Several processes may
be used for defining rock types, such as depositional-based
rock-typing, pore type-based rock typing, dynamic rock
typing, porosity and permeability partitioning processes
using core samples and well logs, and integrated rock typing
approaches. Turning to porosity and permeability partition-
ing processes, some embodiments use well logs and average
measurements from core samples to determine petrophysical
properties 1n cored wells. For example, porosity and perme-
ability partitioning may be used to describe sandstone and
carbonate reservoirs with predominant depositional control
and few diagenetic modifications.
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The logging system (112) may include one or more
logging tools (113) for use 1n generating well logs of the
formation (106). For example, a logging tool may be low-
ered 1nto the wellbore (104) to acquire measurements as the
tool traverses a depth interval (130) (e.g., a targeted reser-
voir section) of the wellbore (104). The plot of the logging
measurements versus depth may be referred to as a “log” or
“well log”. Well logs (140) may provide depth measure-
ments of the well (104) that describe such reservoir char-
acteristics as formation porosity, formation permeability,
resistivity, water saturation, and the like. The resulting
logging measurements may be stored and/or processed, for
example, by the control system (114), to generate corre-
sponding well logs for the well (102). A well log (140) may
include, for example, a plot of a logging response time
versus true vertical depth (TVD) across the depth interval
(130) of the wellbore (104).

Turning to examples of logging techniques, multiple types
of logging techniques are available for determining various
reservolr characteristics (e.g., wireline logging, logging-
while-drilling (LWD), and measurement-while-drilling
(MWD)). For example, a nuclear magnetic resonance
(NMR) analysis tool (e.g., an NMR logging tool or an NMR
spectroscopy tool (180)) may measure the induced magnetic
moment of hydrogen nuclei (1.e., protons) contained within
the fluid-filled pore space of porous media (e.g., reservoir
rocks). Thus, NMR data (e.g., NMR logs or NMR laboratory
results) may measure the magnetlc response of tluids present
in the pore spaces of the reservoir rocks. In so doing, NMR
data may measure both porosity and permeability, as well as
the types of fluids present 1n the pore spaces. Thus, NMR
logging may be a subcategory of electromagnetic logging
that responds to the presence of hydrogen protons rather
than a rock matrix. Because hydrogen protons may occur
primarily 1n pore tluids, NMR data may directly or indirectly
measure the volume, composition, viscosity, and distribution
of pore fluids.

NMR analysis techniques may determine multiple signals
for analyzing a geological region or core sample. First, an
NMR analysis may determine spin-lattice relaxation values
or a T1 signal amplitude that 1s measured from the buildup
ol magnetization along a static applied magnetic field. For
example, a T1 value may be the time needed to reach 63%
of the maximum magnetization possible at its final value.
Three times of a T1 value may be equal to 95% of polar-
ization. Large values of T1 may indicate weak coupling
between fluid and a slow approach to the magnetic equilib-
rium. However, small T1 values may show strong coupling,
to quickly reach the equilibrium state. Thus, T1 signal values
may be mainly related to pore size and viscosity. Likewise,
a T1 signal may be measured using inversion recovery or
saturation recovery, where the T1 signal may be character-
ized as the loss of resonance intensity following a pulse
excitation. Inversion recovery may include a 180° spin
inversion followed by a vanable recovery time and then a
90° read pulse. On the other hand, saturation recovery may
use a 90° pulse, followed by a 90° read pulse.

Furthermore, an NMR analysis may also determine trans-
verse relaxation values or a T2 signal amplitude that
describes the decay of an excited magnetization perpendicu-
lar to an applied magnetic field. More specifically, a T2
signal may be determined using a spin-echo technique,
where hydrogen protons are first tipped into the transverse
plane by a 90° RF pulse and then inverted by a subsequent
180° pulse at a fixed-time 1nterval to rephase the dephasing
protons. The T2 signal may refer to the decaying time for
hydrogen protons to complete dephasing. Likewise, NMR
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measurements may be illustrated as a T2 signal amplitude
versus time and determine a distribution of porosity com-
ponents (1.e., a T2 distribution) as a function of theiwr T2
times. Thus, a T2 signal amplitude may be proportional to
hydrogen content within a core sample and thus may deter-
mine porosity independent of the rock matrix. Both relax-
ation times may provide information for determining pore-
size 1nformation and pore-fluid properties, especially
V1SCOSity.

Keeping with T2 signals, NMR measurements may use a
12 cutofl value (which may be referred to as a *“I,_. value”
ora 1, .zvalue”) m order to divide eftective porosity into
movable and irreducible tluid saturations. A T2 cutofl value
may be the maximum T2 signal amplitude for a portion of
porosity that 1s occupied by immovable fluids. Accordingly,
the T2 cutofl value may distinguish free fluid volume (FFV)
from non-movable fluid or bound fluid volume (BFV) 1n a
geological region or core sample. In a'T2 distribution, a BVI
value may include T2 amplitudes 1n the spectrum having T2
values less than the T2 cutofl value. In other words, a T2
cutoll value may be the sum of porosities whose 12 ampli-
tude 1s less than the T2 cutofl value and consequently an FFI
value may be the sum of T2 amplitudes that are greater than
the T2 cutofl value. Likewise, T2 signal values above the T2
cutofl value may indicate large pores that are potentially
capable of production. On the other hand, T2 signal values
below the T2 cutofl value may indicate small pores con-
taining tluid trapped by capillary pressure with little pro-
duction capacity. Therefore, the T2 cutofl value may be used
to analyze the ratio of irreducible fluid and movable fluid n
porous rock. Accordingly, a T2 value distribution may also
provide a permeability prediction of a geological region.

Various reservoir parameters may be determined by ana-
lyzing NMR data, such as T2 signal data. For example,
NMR porosity (“MPHI”) may be determined by an integral
of a saturated T2 distribution curve, which may be the area
under a T2 signal curve. Likewise, a core sample may be
centrifuged in order to repeat an NMR measurement to
determine a value of the bulk volume 1rreducible of water
(BVI) or amount of mrreducible fluid 1n the core sample. A
free fluid index (FFI) value may be the difference between
total porosity and the BVI value. BVI values may corre-
spond to the immovable or bound water 1n a formation, such
as a capillary bound water. Thus, BVI may be a function of
the pore-throat size distribution, where high threshold pres-
sure due to smaller pore throats retains the fluids 1n the
pores. BVI values may be determined using a cutofi-BVI
(CBVI) model or a spectral BVI (SBVI) model for example.

In some embodiments, the T2 cutof Value may be a
constant value applied throughout a particular formation.
For example, a T2 cutofl value of 33 ms and another 12
cutofl value of 22.6 ms have been used for analyzing
sandstone formations. In another example, a T2 cutofl value
of 33 ms has been used with a clastic reservoir to estimate
BFV values and FFV values. In another example, four T2
cutofl values of 10 ms, 15 ms, 20 ms, and 33 ms may be used
to determine four sets of bound fluid volume (BFV) and free
fluid volume (FFV) values. However, T2 cutoil values may
vary 1n different formations and in different fields due to
reservolr temperatures, surface relaxivity of a rock surface,
and other field factors. In particular, surface relaxivity may
depend on mineralogy of a particular formation, such as the
presence of paramagnetic/ferromagnetic minerals and
adsorbed water in the formation.

Turning to laboratory NMR analyses, one or more labo-
ratory NMR analyses may be performed using one or more

NMR spectroscopy tools (e.g., NMR spectroscopy tool
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(180)). For example, an NMR spectroscopy tool may
include various types of NMR spectrometers, where a NMR
spectrometer may include a magnet module with one or
more permanent magnets, a scan control system that
includes various scan coils, and an oscilloscope for perform-
ing adjustments for signal amplitudes and phases. NMR
spectroscopy tools may also include various multi-fre-
quency antennas and probes. Likewise, NMR spectroscopy
tools may also include automated laboratory apparatuses
that perform sample preparation, automatic probe tuning,
and data acquisition and NMR data processing. Using a
laboratory, an NMR analysis may enable control of a testing
environment (e.g., for managing saturating and desaturation
operations of fluid within a core sample). Also, laboratory
NMR measurements may be conducted at higher magnetic
field than logging NMR techniques. Laboratory NMR analy-
ses may also be non-destructive and provide spatial petro-
physical properties (e.g., porosity and permeability) of a
core sample.

Returming to logging tools, other types of logging tech-
niques may also be used to analyze a geological region. For
determining permeability, another type of logging may be
used that 1s called spontaneous potential (SP) logging. SP
logging may determine the permeabilities of rocks in the
formation (106) by measuring the amount of electrical
current generated between drilling tluid produced by the
drilling system (110) and formation water that 1s held 1n pore
spaces ol the reservoir rock. Porous sandstones with high
permeabilities may generate more electricity than imperme-
able shales. Thus, SP logs may be used to identily sand-
stones from shales. To determine porosity 1n the formation
(106), the logging system (112) may measure the speed that
acoustic waves travel through rocks i the formation (106).
This type of logging may generate borehole compensated
(BHC) logs, which are also called sonic logs. In general,
sound waves may travel faster through high-density shales
than through lower-density sandstones. Likewise, density
logging may also determine porosity measurements by
directly measuring the density of the rocks 1n the formation
(106). Furthermore, neutron logging may determine porosity
measurements by assuming that the reservoir pore spaces
within the formation (106) are filled with either water or o1l
and then measuring the amount of hydrogen atoms (i.e.,
neutrons) in the pores. Other types of logging are also
contemplated, such as resistivity logging and dielectric
logging.

Reservoir characteristics may be determined using coring,
(e.g., physical extraction of rock specimens) to produce core
samples for core analyses. Coring operations may include
physically extracting a rock specimen from a region of
interest within the wellbore (104) for detailed laboratory
analysis. For example, when drilling an o1l or gas well, a
coring bit may cut core samples (or “cores” or “core
specimens’ or “core plugs™) from the formation (106) and
bring the core samples to the surface, and these core
specimens may be analyzed at the surface (e.g., 1n a labo-
ratory) to determine various characteristics of the formation
(106) at the location where the specimen was obtained.

Turning to various coring technique examples, conven-
tional coring may include collecting a cylindrical specimen
of rock from the wellbore (104) using a core bit, a core
barrel, and a core catcher. The core bit may have a hole in
its center that allows the core bit to drill around a central
cylinder of rock. Subsequently, the resulting core specimen
may be acquired by the core bit and disposed inside the core
barrel. More specifically, the core barrel may include a
special storage chamber within a coring tool for holding the
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core specimen. Furthermore, the core catcher may provide a
or1p to the bottom of a core and, as tension 1s applied to the
drill string, the rock under the core breaks away from the
undrilled formation below coring tool. Thus, the core
catcher may retain the core specimen to avoid the core
specimen falling through the bottom of the dnll string.

Turning to geosteering, geosteering may be used to posi-
tion the drill bit or dnll string of the dnlling system (110)
relative to a boundary between different subsurface layers
(e.g., overlying, underlying, and lateral layers of a pay zone)
during drilling operations. In particular, measuring rock
properties during drilling may provide the drilling system
(110) with the ability to steer the drill bit 1n the direction of
desired hydrocarbon concentrations. As such, a geosteering
system may use various sensors located inside or adjacent to
the drill string to determine different rock formations within
a well path. In some geosteering systems, drilling tools may
use resistivity or acoustic measurements to guide the drill bit
during horizontal or lateral drilling. Likewise, a well path of
a wellbore (104) may be updated by the control system (114)
using a geological model (e.g., one of the geological models
(175)). For example, a control system (114) may commu-
nicate geosteering commands to the drilling system (110)
based on well data updates that are further adjusted by the
reservolr stmulator (160) using a geological model. As such,
the control system (114) may generate one or more control
signals for drilling equipment (or a logging system may
generate for logging equipment) based on an updated well
path design and/or a geological model.

While FIG. 1 show various configurations of components,
other configurations may be used without departing from the
scope of the disclosure. For example, various components 1n
FIG. 1 may be combined to create a single component. As
another example, the functionality performed by a single
component may be performed by two or more components.

Turning to FI1G. 2, FIG. 2 shows a flowchart 1n accordance
with one or more embodiments. Specifically, FIG. 2
describes a general method for generating and/or using a
geological model based on spatial NMR data. One or more
blocks 1n FIG. 2 may be performed by one or more com-
ponents (e.g., reservoirr simulator (160) or NMR spectros-
copy tool (180)) as described in FIG. 1. While the various
blocks 1n FIG. 2 are presented and described sequentially,
one of ordinary skill 1in the art will appreciate that some or
all of the blocks may be executed 1n different orders, may be
combined or omitted, and some or all of the blocks may be
executed 1n parallel. Furthermore, the blocks may be per-
formed actively or passively.

In Block 200, NMR data are obtained for a saturated core
sample regarding a geological region of interest in accor-
dance with one or more embodiments. For example, NMR
data may describe a distribution of T2 relaxation times at
different sampling locations of a saturated core sample.
Likewise, NMR data may be acquired using an NMR
spectroscopy tool during a laboratory analysis similar to the
NMR spectroscopy tools described above 1n FIG. 1 and the
accompanying description. A geological region of interest
may be a portion of a geological area or volume that includes
one or more formations of interest desired or selected for
analysis, e.g., for determining location of hydrocarbons or
for reservolr development purposes. In particular, the geo-
logical region of interest may include multiple wells already
drilled as well as locations of one or more potential wells for
drilling.

Furthermore, a saturation operation may be performed on
a core sample that includes soaking the core sample 1n a
predetermined fluid. In particular, porous media of the core
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sample may be fully or partially saturated 1n a saturation
solution, e.g., H,O or a 3% KCL (1.e., potassium chloride)
brine solution 1f the porous media 1s sandstone to prevent
clay from swelling. The saturation operation may soak the
core sample by submersing the porous media i1n a tub of the
saturation solution for several hours to allow the flmd to
permeate the voids within the porous media. A soaking-type
saturation operation may be used for porous media that have
a relatively high permeability or porosity values. In some
embodiments, a saturation operation includes injecting the
saturation solution into the porous media. For example, an
injection saturation operation may include placing the
porous media 1nto a pressure cell and operating the pressure
cell to elevate the pressure of the saturation solution around
the porous media to force the flmid to permeate the voids
within the core sample. An injection-type saturation opera-
tion may work well for porous media that have a relatively
low permeability or porosity value (sometime referred to as
“tight porous media”).

In Block 210, spatial porosity data are determined using
NMR data regarding a saturated core sample 1n accordance
with one or more embodiments. For example, a reservoir
simulator may acquire spatial T2 distribution data of a fully
H,O saturated core sample for one or more predetermined
orientations. Spatial T2 distribution data may be acquired by
T2 mapping an NMR pulse sequence, such as spin echo
single point 1maging.

In some embodiments, spatial porosity data 1s a function
of sampling position of a core sample. For example, NMR
data may be acquired according to one or more sampling
directions (e.g., a horizontal axis or a vertical axis that 1s
centered on a core sample) and various sampling locations
for the core sample. In particular, a saturated core sample or
a desaturated core sample may be divided into various core
slices, where each core slice may be analyzed by an NMR
spectroscopy tool. A core slice may correspond to a particu-
lar volume section and the number of core slices may be
based on a desired precision of spatial porosity data or
spatial permeability data.

Turning to FIGS. 3A and 3B, FIGS. 3A and 3B shows
spatial porosity data and spatial permeability data 1n accor-
dance with one or more embodiments. In FIG. 3A. the
schematic illustration of porosity and brine permeability
profiles are shown 1n different direction, where the square
planes on the core sample describe sampling areas for spatial
porosity data and spatial permeability data. As such, mul-
tiple magnetic gradients are detected at different sampling
positions along a horizontal axis using NMR data. Based on
a sampling position, spatial porosity data or spatial perme-
ability data may be described 1n a profile as a function of
sampling position. In FIG. 3B, a similar procedure 1s per-
formed where multiple magnetic gradients are detected at
different sampling positions along a vertical axis.

Turning to FIG. 4, FIG. 4 shows a pulse diagram of an
NMR pulse sequence in accordance with some embodi-
ments. In FIG. 4, various radio frequency electrical pulses
are encoded according to an echo train phase cycle, where
T refers to a phase encoding time. For example, an echo
train acquisition (ETA) may be used 1n magnetic resonance
spectroscopy where a pulse sequence 1s repeated with ever-
increasing delay times. The pulse sequence may continue for
as long as an allotted repeat time. For example, a spin echo
may be produced halfway between 180° pulses. The core
sample may be pulsed again iteratively at a sampling posi-
tion with 180° to cause another spin echo during the echo
train acquisition. Thus, a train of spin echoes may be
produced by refocusing a predetermined magnetization at a

10

15

20

25

30

35

40

45

50

35

60

65

10

portion of a core sample. With each magnetization 1iteration,
a spin echo amplitude may decay away due to spin-spin
relaxation. Thus, a magnetic gradient may be determined for
NMR data accordingly.

Keeping with Block 210, 1n some embodiments, a poros-
ity profile of a core sample 1s determined from the spatial
porosity data. For example, a porosity profile may be
determined using the following equation:

Equation (1
Porosity (), quation (1)

Pore Volume at the Sampling Position (mL)

% = x 100
° Volume of the sampled slice (mL)

where the porosity profile may 1nclude a curve based on a
ratio between a pore volume at a particular sampling posi-
tion of a core sample with respect to a total volume of the
core sample.

Turning to FIG. 5, FIG. 5 shows an example of spatial T2
distribution chart 1n accordance with one or more embodi-
ments. In particular, the chart shown 1 FIG. 5 displays T2
signals with respect to a pore volume distribution for each
position sampled during a T2 mapping NMR test. More
specifically, a total pore volume at a sampling position may
be determined from a spatial T2 distribution chart of a fully
H,O saturated sample similar to the one shown in FIG. 5.
For each value on the position axes, a total pore volume at
a corresponding sampling position may be determined by
summing all points 1n the pore volume distribution curve.

Turning to FIG. 6, FIG. 6 shows various porosity profiles
determined for different directions 1n accordance with one or
more embodiments. As shown 1in FIG. 6, a sampled volume
of core slices for a core sample may be determined using a
magnetic gradient direction and a shape of porous media.
For example, the thickness of each sampled slice may be
equal to the distance between each point in the position axes
of FIG. 6. Thus, spatial dimensions (e.g., height and cross
sectional length) of a core sample may be measured prior to
an NMR laboratory test, and the dimensions may be used 1n
addition to the sampled slice thickness to determine the
sampled slice volume. While a cube shape 1s shown 1n FIG.
6, many embodiments analyze a cylindrically-shaped core
sample.

Returning to FIG. 2, 1n Block 220, NMR data are obtained

for a desaturated core sample regarding a geological region
of 1interest 1n accordance with one or more embodiments. For
example, NMR data may describe a distribution of T2 cutoff
times at different sampling locations of a desaturated core
sample. The NMR data may be acquired using an NMR
spectroscopy tool during a laboratory analysis similar to the
NMR spectroscopy tools described above 1n FIG. 1 and the
accompanying description. In some embodiments, a satu-
rated core sample 1s desaturated to an wrreducible saturation
level (S,,,,,). For example, the wrreducible saturation level
may be where water 1s bound by capillary forces such that
water cannot move 1n the desaturated core sample. A desatu-
ration operation may be conducted with a centrifuge or a
porous plate. For a centrifuge, the saturation distribution
along the core sample may be derived using the following
equation:

Equation (2)

&pwz(r%—rz)]’l o
T iy

Sw — (1 — Swfrr)[ P
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where S 1s the water saturation, S, . 1s the 1rreducible
water saturation, Ap 1s the density difference of two fluids,
r, 1s the distance from the rotation center to the outlet face
ol the core sample, and r 1s the distance from the rotation
center to any point in the core sample, o 1s the rotational
speed of the centrifuge, and P, and A are fitting parameters
of a capillary model. To reach an 1rreducible saturation state,
the centrifuge may achieve a spinning speed that 1s sufli-
ciently high, such that the term with the negative power 1n
Equation (2) can be neglected, which leaves us with
S =S ., indicating that irreducible water saturation has
been reached. For sample, a core sample may be spun for 8
hours to reach the desirable saturation state at a predeter-
mined rotational speed. Also, the core sample may be
re-spun for another 8 hours at the same speed after switching
the sample position 1n the centrifuge to reduce end-effects in
the saturation distribution that are associated with the cen-
trifuge techmque.

While spinning porous media using a porous plate method
may require more time (e.g., months before reaching irre-
ducible water saturation state) than a desaturation operation
with a centrifuge, porous plate techniques may not sufler
from various centrifuge end-eflects. For a tight core sample
with nano-Darcy (ND) permeability, for example, a com-
plete desaturation of the core sample may be performed
using a porous plate method. However, the maximum cap-
illary pressure and minimum saturation that can be achieved
using a porous plate technique may be limited by the type of
the porous plate.

In some embodiments, a spatial T2 measurement 1s

obtained for a desaturated core sample with 1dentical vertical
resolution as the saturated core sample. For example, the
spatial T2 measurement data may be used to determine the
immovable/irreducible water saturation in each slice of the
core sample by obtaining T2 cutoil values for each of the T2
distribution curves (e.g., as shown 1 FIG. §). Likewise, T2
cutoll values may be determined for each of the T2 distri-
bution curves such that the T2 cutofl value may correspond
to the immovable/irreducible water saturation in each core
sample slice. The type of cutoil may also depend on the
permeability model (e.g., a T2 log-mean method or an
analysis of a magnetic resonance 1imaging log). For 1llustra-
tion purposes, the cutoil value of Carbonate porous media
may be around 90 mSec while T2 cutofl value may be
around 30 mSec for sandstone. Similar to the spatial porosity
profiles, spatial permeability profiles may be generated for
cach T2 distributions using spatial permeability data for
different sampling positions of a core sample.
In Block 230, spatial permeability data are determined
using NMR data regarding a desaturated core sample in
accordance with one or more embodiments. For example,
various permeability models may be used for predicting
water or brine permeability from NMR data for fractured
and vugy porous media. In some embodiments, spatial
permeability data 1s obtained for porous media with perme-
ability values higher than milli-Darcy (mD) values.

In Block 240, a geological model 1s determined for a
geological region of interest using spatial porosity data and
spatial permeability data 1n accordance with one or more
embodiments. In some embodiments, a reservoir simulator
may generate various porosity-permeability cross-plots from
spatial porosity data and spatial permeability data. The
spatial data may be disposed 1n cross-plots to fit the spatial
data with an appropriate geological model using a fitting
process, such as linear or nonlinear {itting techniques.
Examples of fitting processes may include least square
regression techniques, quadratic curve fittings, or curve
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fittings using logarithmic functions. In some embodiments,
a geological model includes a petrophysical rock type that 1s
identified from single core sample. Thus, spatial porosity
data and spatial permeability data may be used to determine
geological models for fragile and weak formations by reduc-
ing the number of measurement points for generating the
geological model. Likewise, spatial porosity data and/or
spatial permeability data may also be used for momitoring
changes 1n various petrophysical rock type that may occur
when a reservoir formation 1s treated with formation dam-
aging chemicals (e.g., acid wash), or 1n enhanced o1l recov-
ery projects that inject chemicals and gases which may react
with a rock matrix in a geological region.

In some embodiments, the accuracy of the fitting process
1s evaluated using a total number of outliners and a coetli-
cient of determination (e.g., an R* value). In some embodi-
ments, different petrophysical rock types have distinct geo-
logical models. Additionally, geological models and/or rock
types may be determined using porosity-permeability cross-
plots without data fitting. Examples of various rock types
may 1include a linear-type fit, an exponential-type fit, a
power-type fit, an uncorrelated porosity-permeability {it, a
polynomial-type {it, and a logarithmic-type fit.

Turning to FIG. 7, FIG. 7 shows various petrophysical
rock types in accordance with one or more embodiments. In
FIG. 7, various porosity-permeability cross-plots are shown
for different rock types based on various fitting processes
using various fitting parameters (1.e., fitting parameter a,
fitting parameter b, and fitting parameter ¢). Examples of
rock types may include a linear fit, an exponential {it, a
power {it, an uncorrelated porosity-permeability fit, a poly-
nomial {it, and a logarithmic fit.

In Block 250, a hydrocarbon exploration or production
operation 1s performed using a geological model 1n accor-
dance with one or more embodiments. In particular, a
geological model that identifies one or more rock types may
be used 1n a recovery operation and for managing reservoir
production. For example, carbonate, fluvial and glacial
sandstones may have mhomogeneous and anisotropic pore
structures (e.g., formations with thin cross-bedding) that
may be described using a geological model based on spatial
porosity data and spatial permeability data. Thus, a well path
may be determined by one or more control systems with
fewer core samples. In some embodiments, a command for
a control system may be fashioned correspond to a particular
drilling parameter value or production operation value.
Thus, the command may be a control signal, e.g., generated
by a control system, or a network message that adjusts one
or more drilling parameters (e.g., a rate of penetration within
a particular formation) or a production operation parameter
(e.g., an optimum production flow). For example, a com-
mand may be transmitted from a reservoir simulator or
control system at a well site to one or more well systems,
such as drilling systems. The drilling system may be similar
to the drilling system (110) described above 1n FIG. 1 and
the accompanying description.

In some embodiments, the geological model 1s used to
determine a particular production operation at a producing
well. For example, a geological model may be used to
determine reservoir properties for different geological
regions. Accordingly, reservoir simulations may be per-
formed to determine the effect of different production rates
on the reservoir. Thus, one or more production operations
may be optimized using the geological model.

Turning to FIGS. 8 and 9, FIGS. 8 and 9 provides
examples of determining a geological model using spatial
porosity data and spatial permeability data 1n accordance
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with one or more embodiments. The following examples are
for explanatory purposes only and not intended to limit the
scope of the disclosed technology. In FIG. 8, a core analysis
worktlow (800) 1s shown that 1s similar to the workflow
described 1n FIG. 2 and the accompanying description. In
the core analysis workflow (800), a porous media core
sample 1s 100% saturated with water. A reservoir simulator
(not shown) obtains various spatial distributions of NMR
data that are functions of relaxation time and sampling
positions of pore volume of the core sample. The reservoir
simulator then generates a porosity plot that 1s a function of
sampling position. Next, the reservoir simulator obtains
spatial distributions of NMR data from a desaturated core
sample to produce a T2 cutoil profile as a function of
sampling position. Using the T2 cutoil profile, a permeabil-
ity profile 1s generated by the reservoir simulator where
permeability 1 the core sample 1s a function of sampling
position. Afterwards, a cross-plot that describes spatial
porosity and spatial permeability 1s determined, which the
reservolr simulator {its to a particular geological model.

Turning to FI1G. 9, an NMR spectroscopy tool (not shown)
performs a laboratory spatial NMR analysis A (921) on a
saturated core sample B (911), and a laboratory spatial NMR
analysis B (922) on a desaturated core sample B (912),
which 1s the saturated core sample B (911) after a desatu-
ration operation. As such, the NMR spectroscopy tool pro-
duces NMR data using the spatial NMR analysis A (921) and
the spatial NMR analysis B (922). A reservoir simulator (not
shown) uses the NMR data to produce spatial porosity data
B (931) and spatial permeabaility data B (932). The reservoir
simulator then applies a cross-plotting function (941) to the
spatial porosity data B (931) and the spatial permeability
data B (932) to produce a porosity-permeability cross-plot
data (935). Next, the reservoir simulator applies a rock type
analysis function (951) to determine a rock type B {for
geological region B (972). Finally, the reservoir simulator
generates a geological model Y (990) that includes rock type
information for different geological regions of the geological
model Y (990), 1.e., rock type A for geological region A
(971), rock type B for geological region B (972), and rock
type C for geological region C (973).

Embodiments may be implemented on a computer sys-
tem. FIG. 10 1s a block diagram of a computer system (1002)
used to provide computational functionalities associated
with described algorithms, methods, functions, processes,
flows, and procedures as described 1n the mstant disclosure,
according to an implementation. The illustrated computer
(1002) 1s mntended to encompass any computing device such
as a high performance computing (HPC) device, a server,
desktop computer, laptop/notebook computer, wireless data
port, smart phone, personal data assistant (PDA), tablet
computing device, one or more processors within these
devices, or any other suitable processing device, including
both physical or virtual instances (or both) of the computing,
device. Additionally, the computer (1002) may include a
computer that includes an input device, such as a keypad,
keyboard, touch screen, or other device that can accept user
information, and an output device that conveys imnformation
associated with the operation of the computer (1002),
including digital data, visual, or audio information (or a
combination of information), or a GUI.

The computer (1002) can serve 1 a role as a client,
network component, a server, a database or other persis-
tency, or any other component (or a combination of roles) of
a computer system IJor performing the subject matter
described 1n the instant disclosure. The illustrated computer
(1002) 1s communicably coupled with a network (1030). In

10

15

20

25

30

35

40

45

50

55

60

65

14

some 1mplementations, one or more components of the
computer (1002) may be configured to operate within envi-
ronments, including cloud-computing-based, local, global,
or other environment (or a combination of environments).

At a high level, the computer (1002) 1s an electronic
computing device operable to receive, transmit, process,
store, or manage data and information associated with the
described subject matter. According to some implementa-
tions, the computer (1002) may also 1include or be commu-
nicably coupled with an application server, e-mail server,
web server, caching server, streaming data server, business
intelligence (BI) server, or other server (or a combination of
SErvers).

The computer (1002) can receive requests over network
(1030) from a client application (for example, executing on
another computer (1002)) and responding to the received
requests by processing the said requests in an approprate
soltware application. In addition, requests may also be sent
to the computer (1002) from internal users (for example,
from a command console or by other appropriate access
method), external or third-parties, other automated applica-
tions, as well as any other appropriate entities, individuals,
systems, or computers.

Each of the components of the computer (1002) can
communicate using a system bus (1003). In some 1mple-
mentations, any or all of the components of the computer
(1002), both hardware or software (or a combination of
hardware and software), may intertace with each other or the
interface (1004) (or a combination of both) over the system
bus (1003) using an application programming interface

(API) (1012) or a service layer (1013) (or a combination of
the API (1012) and service layer (1013). The API (1012)
may include specifications for routines, data structures, and
object classes. The API (1012) may be either computer-
language independent or dependent and refer to a complete
interface, a single function, or even a set of APIs. The
service layer (1013) provides software services to the com-
puter (1002) or other components (whether or not illus-
trated) that are communicably coupled to the computer
(1002). The functionality of the computer (1002) may be
accessible for all service consumers using this service layer.
Software services, such as those provided by the service
layer (1013), provide reusable, defined business function-
alities through a defined interface. For example, the interface
may be software written 1n JAVA, C++, or other suitable
language providing data in extensible markup language
(XML) format or other suitable format. While illustrated as
an integrated component of the computer (1002), alternative
implementations may illustrate the API (1012) or the service
layer (1013) as stand-alone components in relation to other
components of the computer (1002) or other components
(whether or not illustrated) that are communicably coupled
to the computer (1002). Moreover, any or all parts of the API
(1012) or the service layer (1013) may be implemented as
child or sub-modules of another software module, enterprise
application, or hardware module without departing from the
scope of this disclosure.

The computer (1002) includes an interface (1004).
Although illustrated as a single interface (1004) in FIG. 10,
two or more interfaces (1004) may be used according to
particular needs, desires, or particular implementations of
the computer (1002). The interface (1004) 1s used by the
computer (1002) for communicating with other systems in a
distributed environment that are connected to the network
(1030). Generally, the mterface (1004 includes logic
encoded 1n software or hardware (or a combination of
software and hardware) and operable to communicate with
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the network (1030). More specifically, the interface (1004 )
may include software supporting one or more communica-
tion protocols associated with communications such that the
network (1030) or interface’s hardware 1s operable to com-
municate physical signals within and outside of the illus-
trated computer (1002).

The computer (1002) includes at least one computer
processor (1005). Although illustrated as a single computer
processor (1005) 1n FIG. 10, two or more processors may be
used according to particular needs, desires, or particular
implementations of the computer (1002). Generally, the
computer processor (1005) executes instructions and
manipulates data to perform the operations of the computer
(1002) and any algorithms, methods, functions, processes,
flows, and procedures as described 1n the nstant disclosure.

The computer (1002) also includes a memory (1006) that
holds data for the computer (1002) or other components (or
a combination of both) that can be connected to the network
(1030). For example, memory (1006) can be a database
storing data consistent with this disclosure. Although 1llus-
trated as a single memory (1006) in FIG. 10, two or more
memories may be used according to particular needs,
desires, or particular implementations of the computer
(1002) and the described functionality. While memory
(1006) 1s 1llustrated as an integral component of the com-
puter (1002), 1n alternative implementations, memory
(1006) can be external to the computer (1002).

The application (1007) 1s an algorithmic software engine
providing functionality according to particular needs,
desires, or particular implementations of the computer
(1002), particularly with respect to functionality described
in this disclosure. For example, application (1007) can serve
as one or more components, modules, applications, etc.
Further, although illustrated as a single application (1007),
the application (1007) may be implemented as multiple
applications (1007) on the computer (1002). In addition,
although 1llustrated as integral to the computer (1002), 1n
alternative implementations, the application (1007) can be
external to the computer (1002).

There may be any number of computers (1002) associated
with, or external to, a computer system containing computer
(1002), each computer (1002) communicating over network
(1030). Further, the term “client,” “user,” and other appro-
priate terminology may be used interchangeably as appro-
priate without departing from the scope of this disclosure.
Moreover, this disclosure contemplates that many users may
use one computer (1002), or that one user may use multiple
computers (1002).

In some embodiments, the computer (1002) 1s 1mple-
mented as part of a cloud computing system. For example,
a cloud computing system may include one or more remote
servers along with various other cloud components, such as
cloud storage units and edge servers. In particular, a cloud
computing system may perform one or more computing
operations without direct active management by a user
device or local computer system. As such, a cloud comput-
ing system may have different functions distributed over
multiple locations from a central server, which may be
performed using one or more Internet connections. More
specifically, cloud computing system may operate according
to one or more service models, such as infrastructure as a
service (IaaS), platform as a service (PaaS), software as a
service (SaaS), mobile “backend” as a service (MBaaS),
serverless computing, artificial intelligence (Al) as a service
(AlaaS), and/or function as a service (FaaS).

Although only a few example embodiments have been
described 1n detail above, those skilled 1n the art will readily
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appreciate that many modifications are possible 1n the
example embodiments without materially departing from
this 1nvention. Accordingly, all such modifications are
intended to be included within the scope of this disclosure as
defined 1n the following claims. In the claims, any means-
plus-function clauses are intended to cover the structures
described herein as performing the recited function(s) and
equivalents of those structures. Similarly, any step-plus-
function clauses 1n the claims are intended to cover the acts
described here as performing the recited function(s) and
equivalents of those acts. It 1s the express intention of the
applicant not to imnvoke 35 U.S.C. § 112(1) for any limitations
of any of the claims herein, except for those 1n which the
claim expressly uses the words “means for” or “step for”
together with an associated function.

What 1s claimed:

1. A method, comprising:

obtaining, by a computer processor, first nuclear magnetic
resonance (NMR) data for a saturated core sample
regarding a geological region of interest;

determining, by the computer processor and using the first
NMR data, spatial porosity data based on the saturated
core sample, wherein the spatial porosity data describes
a plurality of porosity values as a function of a sam-
pling position of the saturated core sample;

obtaining, by the computer processor, second NMR data
for a desaturated core sample regarding the geological
region of interest;

determining, by the computer processor and using the
second NMR data, spatial permeability data based on
the desaturated core sample, wherein the spatial per-
meability data describes a plurality of permeability
values as a function of the sampling position of the
desaturated core sample; and

determining, by the computer processor, a geological
model for the geological region of interest using the
spatial porosity data, the spatial permeability data, and
a fitting process.

2. The method of claim 1,

wherein the sampling position of the saturated core
sample comprises a predetermined sampling direction
and a plurality of sampling locations for the saturated
core sample, and

wherein the plurality of sampling locations correspond to
a plurality of core slices of the saturated core sample
arranged according to the predetermined sampling
direction, and

wherein the first NMR data and the second NMR data
correspond to a plurality of magnetic gradients that are
determined for the plurality of core slices.

3. The method of claim 1,

wherein the desaturated core sample 1s the saturated core
sample after a desaturation operation, and

wherein the desaturation operation 1s performed using a
porous plate.

4. The method of claim 1,

wherein the first NMR data comprises a distribution of T2
relaxation times at a first plurality of sampling locations
of the saturated core sample, and

wherein the second NMR data comprises a distribution of
T2 cutofl times at a second plurality of sampling
locations of the desaturated core sample.

5. The method of claim 1,

wherein the first NMR data and the second NMR data are
acquired using a plurality of laboratory analyses using
an NMR spectroscopy tool.
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6. The method of claim 1, further comprising:
determining, by the computer processor, a porosity-per-
meability cross-plot using the spatial porosity data and
the spatial permeability data; and
determining, by the computer processor, a predetermined
rock type for a portion of the geological region of
interest using the fitting process.
7. The method of claim 6, wherein the predetermined rock
type 1s selected from a group consisting of:
a linear fit;
an exponential {it;
a power {it;
an uncorrelated porosity-permeability fit;
a polynomual fit; and
a logarithmic fit.
8. The method of claim 1,
wherein the fitting process 1s a least squares regression
technique.
9. The method of claim 1, further comprising;:
determining, by the computer processor, a drilling opera-
tion for a drlling system based on the geological
model, and
wherein the drilling operation comprises a well path based
on a plurality of respective rock types for a plurality of
geological regions, and
wherein the well path 1s determined using the geological
model.
10. The method of claim 1, further comprising:
determining, by the computer processor, a production
operation for a well system based on the geological
model,
wherein the production operation comprises a production
rate for the well system based on one or more reservoir
properties ol the geological region of interest.
11. A system, comprising:
a nuclear magnetic resonance (NMR) spectroscopy tool;
and
a reservolr simulator comprising a computer processor,
wherein the reservoir simulator 1s coupled to the NMR
spectroscopy tool, the reservoir simulator 1s configured
to perform a method comprising:
obtaining, using the NMR spectroscopy tool, first
nuclear magnetic resonance (NMR) data for a satu-
rated core sample regarding a geological region of
interest;
determining, using the first NMR data, spatial porosity
data based on the saturated core sample, wherein the
spatial porosity data describes a plurality of porosity
values as a function of a sampling position of the
saturated core sample;
obtaining, using the NMR spectroscopy tool, second
NMR data for a desaturated core sample regarding
the geological region of interest;
determining, using the second NMR data, spatial per-
meability data based on the desaturated core sample,
wherein the spatial permeability data describes a
plurality of permeability values as a function of the
sampling position of the desaturated core sample;
and
determining a geological model for the geological
region of 1nterest using the spatial porosity data, the
spatial permeability data, and a fitting process.
12. The system of claim 11,
wherein the sampling position of the saturated core
sample comprises a predetermined sampling direction
and a plurality of sampling locations for the saturated
core sample, and
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wherein the plurality of sampling locations correspond to
a plurality of core slices of the saturated core sample
arranged according to the predetermined sampling
direction, and

wherein the first NMR data and the second NMR data

correspond to a plurality of magnetic gradients that are
determined for the plurality of core slices.

13. The system of claim 11,

wherein the desaturated core sample 1s the saturated core

sample after a desaturation operation, and

wherein the desaturation operation 1s performed using a

porous plate.

14. The system of claim 11,

wherein the first NMR data comprises a distribution of T2

relaxation times at a first plurality of sampling locations
of the saturated core sample, and

wherein the second NMR data comprises a distribution of

T2 cutofl times at a second plurality of sampling
locations of the desaturated core sample.

15. The system of claim 11, wherein the method reservoir
simulator further comprises:

determining a porosity-permeability cross-plot using the

spatial porosity data and the spatial permeability data;
and

determining a predetermined rock type for a portion of the

geological region of interest using the fitting process.

16. The system of claim 11, further comprising:

a drilling system configured to determine a drilling opera-

tion based on the geological model, and

wherein the drilling operation comprises a well path based

on a plurality of respective rock types for a plurality of
geological regions, and

wherein the well path 1s determined using the geological

model.

17. The system of claim 11, further comprising:

a well system configured to determine a production opera-

tion based on the geological model,

wherein the production operation comprises a production

rate for the well system based on one or more reservoir
properties of the geological region of interest.

18. A non-transitory computer readable medium storing
instructions executable by a computer processor, the mstruc-
tions being configured to perform, when executed by the
computer processor, a method comprising:

obtaining first nuclear magnetic resonance (NMR) data

for a saturated core sample regarding a geological
region ol 1nterest;

determiming, using the first NMR data, spatial porosity

data based on the saturated core sample, wherein the
spatial porosity data describes a plurality of porosity
values as a function of a sampling position of the
saturated core sample;

obtaining second NMR data for a desaturated core sample

regarding the geological region of interest;
determining, using the second NMR data, spatial perme-
ability data based on the desaturated core sample,
wherein the spatial permeability data describes a plu-
rality of permeability values as a function of the
sampling position of the desaturated core sample; and
determiming a geological model for the geological region

of interest using the spatial porosity data, the spatial

permeability data, and a fitting process.
19. The non-transitory computer readable medium of

claim 18,
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wherein the sampling position of the saturated core
sample comprises a predetermined sampling direction
and a plurality of sampling locations for the saturated
core sample,

wherein the plurality of sampling locations correspond to 5
a plurality of core slices of the saturated core sample
arranged according to the predetermined sampling
direction, and

wherein the first NMR data and the second NMR data
correspond to a plurality of magnetic gradients that are 10
determined for the plurality of core slices.

20. The non-transitory computer readable medium of

claim 18, wherein the method further comprises:

determining a porosity-permeability cross-plot using the
spatial porosity data and the spatial permeability data; 15
and

determining a predetermined rock type for a portion of the
geological region of interest using the fitting process.
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